Pertussis is a highly contagious respiratory illness caused by the bacterial pathogen Bordetella pertussis. Pertussis rates in the United States have escalated since the 1990s and reached a 50-year high of 48,000 cases in 2012. While this pertussis resurgence is not completely understood, we previously showed that the current acellular pertussis vaccines do not prevent colonization or transmission following challenge. In contrast, a whole-cell pertussis vaccine accelerated the rate of clearance compared to rates in unvaccinated animals and animals treated with the acellular vaccine. In order to understand if these results are generalizable, we used our baboon model to compare immunity from whole-cell vaccines from three different manufacturers that are approved outside the United States. We found that, compared to clearance rates with no vaccine and with an acellular pertussis vaccine, immunization with any of the three whole-cell vaccines significantly accelerated the clearance of B. pertussis following challenge. Whole-cell vaccination also significantly reduced the total nasopharyngeal B. pertussis burden, suggesting that these vaccines reduce the opportunity for pertussis transmission. Meanwhile, there was no difference in either the duration or in B. pertussis burden between unvaccinated and acellular-pertussis-vaccinated animals, while previously infected animals were not colonized following reinfection. We also determined that transcription of the gene encoding interleukin-17 (IL-17) was increased in wholecell-vaccinated and previously infected animals but not in acellular-pertussis-vaccinated animals following challenge. Together with our previous findings, these data are consistent with a role for Th17 responses in the clearance of B. pertussis infection.
W
hooping cough is a highly contagious, acute respiratory illness caused by the bacterial pathogen Bordetella pertussis (1) . In the prevaccine era, pertussis was rampant in the United States with annual reported cases ranging from 150,000 to 250,000 per year and with fatality rates approaching 10% (2) . The introduction of combination diphtheria, tetanus, and whole-cell pertussis (DTwP) vaccines in the 1940s and a gradual increase in vaccine coverage led to a dramatic decrease in pertussis incidence with a nadir of 1,000 cases reported in 1976. Due to concerns over the reactogenicity of the whole-cell pertussis vaccine and the prospects of diminishing acceptance among parents, combination diphtheria, tetanus, and acellular pertussis (DTaP) vaccines were introduced in the United States in 1991 and replaced whole-cell vaccines for all pertussis vaccinations in 1997. Currently acellular vaccines are the only pertussis vaccines licensed in the United States and much of the developed world (3) . However, despite 95% vaccine coverage in infants, the annual number of reported pertussis cases has been rising over the last 20 to 30 years in the United States (4, 5) . The rate of pertussis resurgence increased dramatically following the introduction of acellular vaccines (6) . With nearly 50,000 cases reported in the United States in 2012, the highest number since 1955, pertussis is the most common of the vaccine-preventable diseases (7) . This resurgence is mirrored in other countries that exclusively use acellular pertussis vaccines, including Australia and Great Britain, though other countries that use acellular pertussis vaccines are not experiencing a similar resurgence (8) (9) (10) .
While the pertussis resurgence is likely due to a multitude of reasons, a widely held hypothesis for the resurgence is that wholecell pertussis vaccines provide better protection compared to that of acellular pertussis vaccines (11) (12) (13) (14) (15) . The most convincing evidence for this hypothesis comes from a cohort study conducted in Australia, following that country's switch from DTwP to DTaP in early 1999. Since children born in 1998 were vaccinated with all DTwP doses, all DTaP doses, or a mixed series, Sheridan et al. were able to compare relative risk among closely age-matched cohorts during a pertussis outbreak from 2009 to 2011. Adolescents who received all acellular pertussis vaccine doses were 3.3-fold more likely to be diagnosed with pertussis compared to children vaccinated with only DTwP (13) . Similar data have been observed among adolescents during outbreaks in Oregon and California (12, 14) . While these data suggest that some whole-cell pertussis vaccines are more effective than acellular pertussis vaccines, care should be taken not to generalize these findings to all whole-cell pertussis vaccines. During comparative clinical trials in the 1990s, several licensed whole-cell pertussis vaccines were used as controls for experimental acellular pertussis vaccines. DTwP vaccines manufactured by Pasteur Mérieux, Behring, Wyeth-Lederle, and SmithKline Beecham had efficacies of 92% to 98%, but a DTwP vaccine from Connaught Laboratories had an extremely low efficacy of around 40% (16) (17) (18) (19) (20) (21) (22) . These data suggest that it is possible for licensed whole-cell pertussis vaccines to pass recommended potency assays but still have low efficacy.
We previously showed in our nonhuman primate model that baboons vaccinated with a DTwP vaccine from one manufacturer cleared B. pertussis colonization faster than unvaccinated animals and DTaP-vaccinated animals (23) . In order to understand if these results are generalizable, we used our baboon model to compare immunity from DTwP vaccines from three different manufacturers, which are approved outside the United States. We found that compared to no vaccine and acellular pertussis vaccine, immunization with any of the three DTwP vaccines significantly accelerated the clearance of B. pertussis following challenge. Similar to our previous data, there was no difference in the duration of colonization between unvaccinated and DTaP-vaccinated animals, while previously infected animals were not colonized following reinfection. We also determined that transcription of the gene encoding interleukin-17 (IL-17) was increased in DTwPvaccinated and previously infected animals but not in DTaP-vaccinated animals following challenge. Together with our previous findings, these data are consistent with a role for Th17 responses in clearing B. pertussis infection (23, 24) .
MATERIALS AND METHODS
Ethics statement. All animal procedures were performed in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International in accordance with protocols approved by the CBER Animal Care and Use Committee and the principles outlined in the Guide for the Care and Use of Laboratory Animals by the Institute for Laboratory Animal Resources, National Research Council.
Bacterial strains and media. B. pertussis strain D420 was grown on Bordet-Gengou and Regan-Lowe plates prepared as described previously (25) . Heat-killed B. pertussis was prepared by resuspending to an optical density at 600 nm (OD 600 ) of 0.90 (5 ϫ 10 9 CFU/ml) in phosphate-buffered saline (PBS) with a pH 7.4 and heating at 65°C for 30 min.
Vaccination, infection, and evaluation of baboons. Baboons obtained from the Oklahoma Baboon Research Resource at the University of Oklahoma Health Sciences Center were inoculated with human doses of DTaP or DTwP administered intramuscularly (i.m.) at 2, 4, and 6 months of age. For DTaP, three animals were vaccinated with the vaccine Daptacel (Sanofi Pasteur Ltd., Toronto, Canada), which is licensed in the United States. For DTwP, two animals in each group were vaccinated with Triple Antigen (Serum Institute of India Ltd., Pune, India), DT-COQ (Sanofi Pasteur, Marcy l'Etoile, France), or Quinvaxem (Crucell-Janssen, Incheon, South Korea). All DTwP vaccines meet the WHO recommendations for potency. See Table 1 for a summary of the components of each vaccine. Unvaccinated animals were age matched. Previously infected animals (n ϭ 3) were clear of B. pertussis infection for 1 to 2 months prior to reinfection. Direct challenge studies were performed as described previously (25, 26) . The inoculum for each direct challenge was between 10 9 and 10 10 CFU as determined by the measurement of optical density and was confirmed by serial dilution and plating to determine the number of CFU per milliliter of inoculum.
Baboons were evaluated twice weekly as described previously. Peripheral blood was collected for enumeration of circulating white blood cells and serum separation as previously described (25) . In addition, peripheral blood was collected into PAXgene Blood RNA tubes (Becton Dickinson, Franklin Lakes, NJ) to stabilize mRNA in blood cells. PAXgene tubes were frozen and stored at Ϫ20°C. Nasopharyngeal washes were performed as described previously, and the recovered washes were diluted and plated on Regan-Lowe plates to quantify B. pertussis cells (23) . For each animal, we calculated the area under the curve from the nasopharyngeal colonization data over the course of the infection. Briefly, the B. pertussis CFU count in the nasopharyngeal wash was multiplied by the days between samplings. Detection of serum IgG antibodies to pertussis antigens. Nunc MaxiSorp 96-well plates were coated overnight with 0.2 g/ml pertussis toxin (PT), 2 g/ml pertactin (PRN), or 0.2 g/ml fimbriae 2/3 (FIM) in 100 mM carbonate buffer, pH 9.6. Additional plates were coated with 0.5 g/ml filamentous hemagglutinin (FHA) in PBS, pH 7.4. All antigens were purchased from List Biologicals (Campbell, CA). For analyzing antibody responses to whole B. pertussis cells, plates were coated with heatkilled strain D420 prepared as described above. For coating, plates were incubated at 28°C for PRN, FIM, and FHA or at 37°C for PT and B. pertussis cells. After they were washed with PBS containing 0.05% Tween 20 (PBS-T), the plates were blocked for 30 min at room temperature with PBS-T containing 1% powdered skim milk (Bio-Rad, Hercules, CA). The plates were washed with PBS-T, and serum samples were added to duplicate wells in 3-fold serial dilutions (1:100 to 1:218,700 dilutions in PBS-T with 0.1% milk) and were incubated for 1 h at room temperature. The plates were washed with PBS-T and then incubated for 30 min at room temperature with horseradish peroxidase (HRP)-conjugated goat antimonkey IgG polyclonal antibody (catalog code AAI42P; AbD Serotec, Raleigh, NC) diluted 1:10,000 in PBS-T with 0.1% milk. SureBlue TMB microwell peroxidase substrate (KPL, Gaithersburg, MD) was used for detection, and the reaction was stopped with 1 N HCl. Absorbance was measured at 450 nm using a microplate reader (VersaMax; Molecular Devices, Sunnyvale, CA). Each plate contained a standard curve from the WHO international standard pertussis antiserum (NIBSC, Hertfordshire, England) used to assign international units for PT, FHA, and PRN, and relative units for FIM and B. pertussis cells.
Measurement of transcriptional activity by quantitative real-time PCR. PAXgene tubes were thawed and allowed to equilibrate to room temperature for 3 h. RNA was purified from the blood cells using the PAXgene Blood RNA kit (Qiagen, Valencia, CA) and was converted to cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad, (27) .
Statistics. All data are reported as mean Ϯ standard error of the mean (SEM). Statistical analyses were performed by analysis of variance (ANOVA) with post hoc t test using JMP (version 10) software (SAS Institute Inc., Cary, NC, USA). CFU data were normalized by log transformation prior to analysis.
RESULTS

Serum antibody responses to B. pertussis antigens following vaccination.
Baboons were vaccinated at 2, 4, and 6 months of age with one of three combination diphtheria, tetanus, and whole-cell pertussis (DTwP) vaccines (Table 1 ). All three DTwP vaccines are approved for use outside the United States and met the potency standards determined by the World Health Organization. As a comparator, age-matched baboons were vaccinated at 2, 4, and 6 months of age with a combination diphtheria, tetanus, acellular pertussis (DTaP) vaccine licensed in the United States. At 8 to 9 months of age, serum samples were collected from the vaccinated animals as well as from age-matched unvaccinated animals and convalescent animals (11 to 14 months of age) that were previously infected and allowed to clear the infection. For all animals, we analyzed serum IgG responses to the four pertussis antigens in the acellular vaccine (PT, PRN, FHA, FIM) as well as to whole-cell B. pertussis. As shown in Fig. 1 , all of the vaccinated animals and convalescent animals had robust responses against all of the B. pertussis antigens and cells compared to unvaccinated animals.
B. pertussis colonization and pertussis symptoms following challenge. One month following the third vaccination, all groups of animals were challenged with B. pertussis strain D420, a recent clinical isolate that is genetically similar to current circulating strains (28) . Twice weekly, samples were taken from the animals to evaluate B. pertussis colonization and pertussis disease. Since leukocytosis is the best marker for severe clinical pertussis in human infants, we determined complete blood counts at each time point. As shown in Fig. 2 , leukocytosis was observed in unvaccinated animals, but there was no increase in circulating white blood cells in vaccinated or convalescent animals. In addition, while coughing was readily observed in unvaccinated animals, the vaccinated and convalescent animals were not observed coughing (data not shown). These data suggest that all vaccinated and convalescent animals were protected from pertussis disease following challenge.
To assess colonization following challenge, nasopharyngeal washes were performed on each animal, and the recovered washes were diluted and plated to quantify viable B. pertussis organisms. Consistent with previous data, nasopharyngeal washes collected from unvaccinated animals contained between 10 7 and 10 8 CFU/ml for the first 2 weeks following challenge, after which colonization gradually decreased (Fig. 3A) . Unvaccinated animals cleared the infection 30 days postchallenge on average (Fig. 3B) . Convalescent animals, which possess a robust adaptive immune response, did not become colonized following challenge ( Fig. 3A  and B ). Compared to that of the unvaccinated animals, the animals receiving DTaP had a minor decrease in colonization for the first 2 weeks. However, at subsequent time points there was no appreciable difference between DTaP-vaccinated and unvaccinated animals. For the three groups vaccinated with DTwP, all animals had initial colonization comparable to DTaP-vaccinated animals, but all three groups cleared the infection an average of 17.5 days following challenge, roughly half the time compared to DTaP-vaccinated animals ( Fig. 3A and B) . In order to estimate the impact of the different vaccines on bacterial shedding, we calculated the area under the curve for the nasopharyngeal colonization data presented above. These data provide a rough estimate of the total burden of nasopharyngeal B. pertussis over the course of the infection. As presented in Fig. 4 , there was no statistical difference in total nasopharyngeal bacteria in the unvaccinated animals versus the DTaP-vaccinated animals (mean log 10 values of 8.39 and 7.78, respectively). However, each DTwP vaccine significantly reduced the total amount of nasopharyngeal bacteria compared to that in the unvaccinated group. When the three DTwP groups were combined, the average DTwPvaccinated animal showed a Ͼ1,000-fold reduction in bacteria compared to that of the unvaccinated animals (mean log 10 value of 5.35).
Memory cytokine responses following B. pertussis challenge. Previous data from the baboon model showed that clearance of B. pertussis following challenge was associated with the degree of Th17 memory responses (23) . Peripheral blood mononuclear cells (PBMC) collected from convalescent animals prior to challenge displayed robust Th17 memory responses following restimulation with heat-killed B. pertussis. PBMC collected from DTwP-vaccinated animals had significant but milder Th17 memory responses while DTaP-vaccinated animals possessed Th2 memory but no Th17 response. In this study, we wanted to expand upon these findings by investigating memory cytokine responses stimulated in vivo following B. pertussis challenge. Blood samples were collected in PAXgene tubes to stabilize mRNA transcripts. Following RNA purification and conversion to cDNA, cytokine transcript levels were quantified by real-time PCR. We analyzed IL-17A, IFN-␥, and IL-4 transcript levels as markers for Th17, Th1, and Th2 responses, respectively. To account for potential differences in the numbers of circulating T cells, the cytokine transcript levels were normalized to ICOS, which is preferentially transcribed in T cells. To increase our sample sizes and since we did not observe any differences in protection between the different groups, all six DTwP-vaccinated animals were pooled for this analysis. As shown in Fig. 5 , we detected an increase in IL-17A transcripts in convalescent and DTwP-vaccinated animals at 5 days postchallenge, while no increase in IL-17A was observed in DTaP-vaccinated or unvaccinated animals. At the time points studied, no increases were seen in IFN-␥ or IL-4 transcripts in any of the groups. We also determined that there was no increase in ICOS transcription relative to the general housekeeping gene RPLP0 in any of the groups. These data suggest that B. pertussis infection stimulated an IL-17 memory response in convalescent and DTwP-vaccinated animals, consistent with our previous findings with the PBMC restimulation assay.
DISCUSSION
Infection of baboons (Papio anubis) with B. pertussis results in a disease that is very similar to severe clinical pertussis. Upon challenge with a recent clinical isolate of B. pertussis, baboons experience respiratory colonization for about 4 to 6 weeks, paroxysmal coughing, and leukocytosis (25, 29) . In addition, infected baboons can transmit B. pertussis to unchallenged baboons by airborne transmission (26) . We previously showed that vaccination of baboons with DTwP from one manufacturer accelerates the clearance of B. pertussis following challenge compared to that in unvaccinated animals or DTaP-vaccinated animals and that clearance was associated with induction of Th17 memory (23) .
In the current study, we wanted to determine if these results are generalizable to other DTwP vaccines. Baboons were vaccinated at 2, 4, and 6 months of age with one of three DTwP vaccines or with a DTaP vaccine licensed in the United States. Each whole-cell vaccine met WHO potency recommendations. We did not detect major differences in the antibody responses to vaccination with the four vaccines. All three whole-cell vaccines and the acellular vaccine induced robust serum IgG responses to PT, PRN, FHA, FIM, and whole-cell B. pertussis cells. Following challenge, there was no difference in the duration of colonization between the 3 DTwP groups. All animals receiving a DTwP vaccine cleared the infection an average of 17.5 days following challenge with a recent clinical isolate. Unvaccinated animals and DTaP-vaccinated animals took about twice as long to clear the infection. We hypothesize that decreasing the duration and magnitude of B. pertussis colonization would decrease the amount of pathogen shed in re- spiratory droplets, thereby reducing the likelihood of transmission. As a surrogate for bacterial shedding and transmission, we calculated the total burden of nasopharyngeal B. pertussis over the course of the infection in each animal in this study. We found no difference in total nasopharyngeal burden between unvaccinated and DTaP-vaccinated animals. However, there was a Ͼ1,000-fold decrease in nasopharyngeal B. pertussis in DTwP-vaccinated animals compared to that in naive animals. These data suggest that even though DTwP vaccines do not prevent infection, they likely reduce the opportunity for B. pertussis transmission compared to DTaP vaccines or no vaccination. While there was no significant difference in B. pertussis burden between unvaccinated and DTaPvaccinated animals, it is important to keep in mind that the paroxysmal coughing in the unvaccinated animals likely increases the likelihood of transmission compared to DTaP-vaccinated animals that are asymptomatic.
These results add to our previous findings that a single DTwP vaccination reduced the duration of colonization while DTaP vaccination did not prevent B. pertussis colonization or transmission to unvaccinated contacts (23) . If true in humans, these data suggest that people vaccinated with acellular pertussis vaccines can become asymptomatically infected with B. pertussis and act as a reservoir for circulation within communities. This hypothesis is supported by a recent study by Althouse and Scarpino (30) . The authors analyzed trends in reported pertussis cases and age-specific incidence rates from the United States and the United Kingdom and determined that in the two countries pertussis resurgence is best described by a model whereby acellular vaccines allow for greater asymptomatic transmission compared to that of whole-cell vaccines.
One possible explanation for the better protection afforded by the DTwP vaccines is that these vaccines induce antibody responses to a wider breadth of antigens compared to the DTaP vaccines that induce strong responses to a limited group of antigens. Since DTwP vaccines consist of whole bacteria, they elicit responses to many surface antigens not present in the DTaP vaccines. The antibody responses to these extra surface antigens may lead to inhibition of initial attachment of the bacteria to the respiratory epithelium. Additionally, we hypothesize that surface antigens in the DTwP vaccines may stimulate higher titers of opsonizing antibodies to aid in neutrophil-mediated clearance of the infection. Since DTwP vaccines, but not DTaP vaccines, induce Th17 immune responses that promote neutrophil recruitment, opsonizing antibodies would likely allow for more efficient clearance of B. pertussis in DTwP-vaccinated animals than that in animals receiving the DTaP vaccine.
Th17 cells are a component of the adaptive immune response that specializes in controlling extracellular pathogens such as B. pertussis at mucosal surfaces by inducing granulopoiesis and recruitment of neutrophils and macrophages to infected mucosal sites (31) . In a previous study, we detected a significant increase in IL-17 in nasopharyngeal washes following B. pertussis infection of unvaccinated baboons. This response was followed by significant increases in downstream IL-17 effectors, including granulocyte colony-stimulating factor (GCSF), IL-8, monocyte chemoattractant protein 1 (MCP-1), and macrophage inflammatory protein 1␣ (MIP-1␣) (24) . Later, we determined that whole-cell vaccination and pertussis infection induces Th17 and Th1 memory in baboons as determined by the presence of IL-17-secreting CD4 ϩ FIG 2 Vaccination and prior infection prevent leukocytosis. Unvaccinated animals (n ϭ 4), DTaP-vaccinated animals (n ϭ 3), convalescent animals (n ϭ 3), and animals vaccinated with DTwP (Triple Antigen, DT-COQ, or Quinvaxem; n ϭ 2 per group) were directly challenged with B. pertussis (n ϭ 2 to 4 per group). The mean circulating white blood cell counts before and after challenge are shown for each group of animals. *, P Ͻ 0.05 versus preinfection from the same group. For each group, the mean count is presented at every time point with error bars representing the SE.
FIG 3
Effects of vaccination and previous infection on colonization. Unvaccinated animals (n ϭ 4), DTaP-vaccinated animals (n ϭ 3), convalescent animals (n ϭ 3), and animals vaccinated with DTwP (Triple Antigen, DT-COQ, or Quinvaxem; n ϭ 2 per group) were directly challenged with B. pertussis. (A) Colonization was monitored by quantifying B. pertussis CFU per milliliter in biweekly nasopharyngeal washes with a limit of detection of 10 CFU/ml. The mean colonization is presented for each group and time point with error bars representing the SE. (B) For each animal, the time to clearance is defined as the first day that no B. pertussis CFU were recovered from nasopharyngeal washes. The mean time to clearance is shown for each group (same sizes as above except n ϭ 3 for the unvaccinated group since one unvaccinated animal was not followed to clearance). Since no B. pertussis organisms were recovered from the convalescent animals, the mean time to clearance was defined as the first day of sampling (day 2, indicated by the dashed line). *, P Ͻ 0.01 versus naive. memory T cells in peripheral blood samples. Acellular pertussis vaccination did not induce appreciable Th17 responses but skewed toward a mixed Th2 and Th1 phenotype (23, 24) . In the present study, we expanded upon these findings by analyzing cytokine transcriptional responses in vivo during infection in peripheral blood samples. At 5 days following challenge, we detected increased IL-17A transcript levels in convalescent and whole-cellvaccinated animals but not in unvaccinated or acellular-vaccinated animals. One apparent discrepancy with our previous data is that we did not detect evidence of an increased IFN-␥ or IL-4 transcript, the markers for Th1 and Th2 responses, in any groups. One possible explanation for this is that Th1 and Th2 responses are not stimulated in vivo during a B. pertussis infection in baboons. However, we think a more likely explanation is that we failed to detect transient increases in IFN-␥ and IL-4 transcripts prior to the first sample collection or between time points. Two recent clinical studies corroborate the notion that DTaP induces Th2 and Th1 responses in children and found no significant Th17 responses following vaccination (32, 33) . However, there are currently no data on Th17 memory in DTwP-vaccinated and pertussis-infected children. Together with these scant clinical data and our previous findings, these data suggest that whole-cell pertussis vaccination and B. pertussis infection induce a Th17 memory response that aids in clearing B. pertussis infection. Meanwhile, acellular pertussis vaccination results in antibody-mediated prevention of pertussis symptoms but provides little protection against B. pertussis colonization.
In the short term, plans for addressing the resurgence of pertussis should include continued efforts to enhance immunization in children and adults. However, since acellular pertussis vaccines may not impact B. pertussis circulation, additional strategies are required to protect the most vulnerable members of the population, including infants too young to be vaccinated. These new data burden. The total nasopharyngeal burden over the course of the infection was estimated by calculating the area under curve of the serial nasopharyngeal wash counts for each animal. The data are shown for each unvaccinated animal (n ϭ 3), DTaP-vaccinated animal (n ϭ 3), convalescent animal (n ϭ 3), and each animal vaccinated with DTwP (Triple Antigen, DT-COQ, or Quinvaxem; n ϭ 2 per group), with a bar representing the mean value for each group. *, P Ͻ 0.05 versus naive; **, P Ͻ 0.01 versus naive.
FIG 5
Cytokine responses during infection. Blood was collected into PAXgene tubes to stabilize RNA at the indicated time points before and during the infection.
RNA was converted to cDNA, and the transcript levels of the genes encoding IL-17A (A), IFN-␥ (B), and IL-4 (C) were analyzed by real-time PCR. For each cytokine gene, the data are presented relative to ICOS transcript levels and are normalized to preinfection values. For each group, the mean response is presented with error bars representing the SE. (D) The ICOS transcript was similarly analyzed relative to the housekeeping gene RPLP0. For all graphs, n ϭ 3 for unvaccinated and convalescent (Conv.), n ϭ 2 for DTaP, n ϭ 6 for DTwP. *, P Յ 0.01 for convalescent versus unvaccinated and DTwP versus unvaccinated. from the baboon model further highlight the Th17 response as a possible candidate for a correlate of protection against B. pertussis infection since greater Th17 responses are associated with the more protective immune responses elicited by B. pertussis infection and DTwP vaccination. Taken together, immunity from DTwP vaccination and pertussis infection may be more protective because they induce antibody responses to prevent symptomatic pertussis and Th17-mediated immunity to prevent B. pertussis colonization. The most pressing long-term goal in the pertussis research community is the development of a next-generation vaccine that combines the low reactogenicity of acellular pertussis vaccines with the ability of natural infection and, to a lesser extent, whole-cell vaccination to prevent colonization. Current strategies to reach this goal include using novel adjuvants to boost Th17 responses from acellular pertussis antigens, engineering a nonreactogenic whole-cell pertussis vaccine, or administring a live-attenuated strain of B. pertussis (34) .
